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Bacterial Ferritin. Azotobacter vinelandii (type OP) bacterial ferritin (AvBF) was prepared (23, 24) and was crystallized three times from 0.02 M MgCl2. The heme content was
12 hemes per 24 subunits (17,300 daltons per subunit) and the
core iron content was 1250 iron atoms per AvBF. Four states
of AvBF were studied: (i) Fe3 +-holo-AvBF; (ii) Fe2+-holoAvBF (see procedure for iii above); (iii) apo-AvBF with the
12 hemes still attached but with the core iron removed by
thioglycolic acid treatment (20); and (iv) Fe3"-holo-AvBF
with the 12 hemes removed. This latter species was prepared
by (a) adjusting an Fe3 + -holo-AvBF solution to pH 2.0 with
0.2 M HCl, (b) adding methyl ethyl ketone to 50% (vol/vol)
to extract the liberated heme groups, (c) adjusting the pH
back to 7.0, and (d) centrifuging to remove small amounts of
denatured protein.
The purity of mammalian and bacterial apoferritins was
verified by sedimentation velocity measurements in a Beckman model E ultracentrifuge. Symmetrical sedimentation
patterns were observed for both proteins throughout the
sedimentation sequence.
Fe2'-Bound Mammalian and Bacterial Ferritin. At pH 8.5
and under strictly anaerobic conditions, mammalian or bacterial holoferritin (5-10 mg in 1 ml) was incubated with excess
Fe2+ (0.01 M FeSO4-7H2O in H20) for 10 min and passed
anaerobically through a Sephadex G-25 column (1 x 26 cm)
to remove unbound Fe2+. The emerging protein containing
bound Fe2" was quantitated by Lowry protein determinations, and the bound Fe2" was determined colorimetrically (e
= 8400 M - 1cm- 1 at 514 nm) by addition of excess bipyridyl.
An identical procedure was followed in preparing Fe2+ bound mammalian and bacterial apoferritin.
Redox Proteins. A. vinelandii flavoprotein (AvFlp) and
ferredoxin I (AvFdI) were prepared by established procedures (25), as was plastocyanin (26). Stellacyanin (E. Solomon, Stanford University) and Clostridium thermoaceticum
ferredoxin (CtFd; L. Ljungdahl, University of Georgia) were
gifts. Cytochrome c was obtained from Sigma. Reduced but
02 --free AvFld (AvFlpH2), AvFdI, and CtFd were prepared by reaction with excess S2 - followed by anaerobic
Sephadex G-25 chromatography.
Redox Reactivity. All samples were prepared under the
anaerobic conditions provided by a Vacuum Atmospheres
glove box equipped with dual purifiers, which maintained an
argon atmosphere at <0.1 ppm 02. Optical samples (1.0 ml,
1.0-cm path length) of Fe2+-ferritin (fully reduced or Fe2+_
bound) were mixed with the oxidized states of the indicated
redox proteins and the reaction was monitored optically with
a Cary 118 spectrophotometer by the appearance of reduced
heme or the disappearance of the 600-nm optical band from
the Cu(II) proteins. The disappearance of the g = 2 EPR
signal of the Cu(II) proteins was also followed at 20 K.
Reaction with Fe(CN)3- or ° 2 was followed by the absorbance change at 400 nm as Fe3 + formed within the core or by
the decrease in Fe(bpy)2 I formation upon bipyridyl addition.
Fully oxidized (but anaerobic) Fe3 + -ferritin samples were
incubated with reduced AvFld, AvFdI, or CtFd and the
development of the blue, EPR-active (g = 2) semiquinone
(AvFld-) was monitored optically (e = 1980 M - 1cm - 1 at 580
nm) or by EPR (g = 2) to quantitate electron transfer into the
ferritin core (AvFldH2 -* AvFld- + e; El/2 = -515 mV).
Because the ferredoxins have only small optical changes
between the oxidized and reduced states, reactivity assessment was determined colorimetrically after bipyridyl addition, which liberates Fe(bpy)2 + only if successful electron
transfer from ferredoxin to core iron occurs.

RESULTS
Core Reduction with Proteins. The reaction of excess
S202- alone or in the presence of methyl viologen (which

facilitates core reduction) completely reduces the Fe3+containing cores of mammalian (21) and bacterial (22) ferritins. Following reduction, anaerobic Sephadex G-25 chromatography provides ferritins from these two species that are
free of excess reductant and other small molecules, have
intact cores, and are in the Fe2" state. Reaction of these
Fe2 -ferritins with excess bipyridyl immediately forms the
intense red Fe(bpy)"2 complex, demonstrating the presence
of readily removed Fe2" within the core. We have relied
extensively, but not exclusively, upon this reaction to demonstrate the presence of Fe2+ in the ferritin core after
anaerobic reaction of ferritin with large (compared to the
channel openings) protein reductants.
Fig. 1 shows a partial optical titration of anaerobic mammalian Fe3+-ferritin with AvFlpH2. The most prominent
feature is the development of the 570-nm band resulting from
the formation of AvFlp . The extent of this reaction was also
followed by the development of the g = 2 EPR spectrum of
AvFlp .
Fe3 -ferritin + AvFlpH2-+ Fe2+-ferritin + AvFlp- [1]
Addition of excess bipyridyl to the optical cell after AvFlpH2
addition immediately forms Fe(bpy)2 + with the stoichiometry shown above. Because the reduction capacity of the
ferritin core is so large (2078 Fe3 + ions per molecule), it is not
convenient to fully reduce the ferritin core by the difficultto-prepare AvFlpH2. In experiments of this type, a maximum
of 646 of the 2078 Fe3 + ions present (31% core reduction)
were stoichiometrically reduced. Identical behavior was
observed for the reaction of AvBF with AvFlpH2, during
which up to 20% of the core Fe3 + ions were reduced, with no
1.0
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FIG. 1. Reaction of mammalian ferritin with AvFlpH2. Oxidized
mammalian ferritin (bottom spectrum) containing 1.41 mmol of Fe3 +
was incubated sequentially with 40, 40, 55, 55, and 55 amol of
AvFlpH2 (spectra in ascending order). The spectrum of AvFlpdevelops near 570 nm, indicating that the redox couple (AvFlpH2 -*
AvFlp- + e) is operative.

1.0

reduction occurring with any of the 12 heme groups present.
Such results are consistent with a previous report (22)
indicating that the heme groups are 30 mV more difficult to
reduce than the Fe3+ core of AvBF. Although we did not
follow the reaction of holo-AvBF with AvFlpH2 to complete
reduction of both the core and the heme groups, we did
establish, by the formation of both reduced ferritin heme and
AvFld-, that the heme groups in apo-AvBF can be reduced by

0.8

AvFlpH2.

types of Fe2+ -holoferritin, the formation of
With both
I
Fe(bpy)2 is rapid, occurring within the mixing time of the
experiments (<10 sec), and independent of whether AvFlpH2
is added first and bipyridyl second or whether AvFlpH2 is
added to ferritin solutions already containing bipyridyl.
Both AvBF and horse spleen ferritin react with the two
ferredoxins studied (CtFd and AvFdI) to form Fe(bpy)32 at
rates much slower than that with AvFlpH2. These reactions
are quite complicated, not only because of the absence of
by the
convenient optical bands to follow electron transfer
I
ferredoxins, but also because some Fe(bpy)2 forms upon
reaction of bipyridyl with reduced ferredoxins. By allowing
the reactions to proceed for 30 min and by using proper
reduced Iferredoxin controls, we have shown that more
Fe(bpy)2 forms in the presence of the two ferritins (indicating that Fe2+ formation occurs in the core) than in their
absence. We conclude that these reduced ferredoxins slowly
reduce the ferritin cores but are much less effective than
AvFlpH2 or S 02- or other small-molecule reductants.
AvBF with the Fe3 + core present but with all heme groups
removed undergoes reduction by AvFlpH2 to form AvFlpand Fe2+ according to reaction 1. In all aspects examined,
the heme-free bacterial ferritin behaves identically to mammalian ferritin, which has no hemes in the active state, a
result that indicates that the heme groups on AvBF are not
essential for Fe3 +-core reduction.
Core Oxidation with Proteins. Both mammalian and bacterial ferritin, with reduced Fe2+ cores, are conveniently
prepared as described and, when exposed to air, are readily
oxidized to the respective Fe3 + -ferritins, which are spectroscopically (visible/UV and EPR) and analytically indistinguishable from the corresponding native Fe3 +-ferritin.
Fig. 2 shows a partial optical titration of mammalian
Fe2 +-ferritin with anaerobic Fe3 +-cytochrome c. The rapid
development of the reduced heme bands at 550 and 537 nm
upon addition of Fe3 + -cytochrome c clearly establishes that
electron transfer occurs from Fe2+ -ferritin to cytochrome c.
Less dramatic and more difficult to measure quantitatively is
the overall rise in absorbance between 450 and 300 nm, due
to the formation of Fe3 +-ferritin, that occurs concomitantly
with cytochrome c reduction. The reverse titration, which
involves the addition of limiting Fe2+-ferritin to excess
Fe3 + -cytochrome c, similarly shows rapid formation of
reduced heme and quantitative oxidation of Fe2+ to Fe3 + in
the ferritin core. The two titrations combine to establish the
1:1 stoichiometry shown in reaction 2.

Fe2 '(core) + Fe3 +-Cyt c ---Fe3 +(core) + Fe 2+-Cyt c [2]
The reaction of Fe2 + -ferritin with the two redox-active Cu(II)
proteins plastocyanin and stellacyanin was also examined.
These copper proteins have strong, distinctive g = 2 EPR
signals and optical absorption bands near 600 nm (E = 4000
M -1cm- 1) in the Cu(II) state that are both absent upon
reduction to the Cu(I) state. The reaction of limiting, anaerobic stellacyanin with Fe2+ -AvBF or mammalian Fe2+ferritin quickly eliminates the 600-nm absorbance band and
the g = 2 EPR signal, characteristic of oxidized stellacyanin,
and produces the optically observable Fe3 + form of the
ferritin species. Plastocyanin undergoes a similar reaction but
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FIG. 2. Reaction of mammalian ferritin with cytochrome c.
Reduced mammalian ferritin (1 ml) containing 350 nmol of Fe2"
with
(bottom spectrum), determined as Fe(bpy)2 , was reacted Soret
c (ascending spectra). The
il-nmol aliquots of cytochrome
region of the cytochrome c spectrum is not shown.

at a much slower rate (20% of the stellacyanin reaction). The
reaction stoichiometry by both EPR and optical measurements was determined for reaction of both Cu(II) proteins
with both reduced ferritins as shown in reaction 3.

Cu(II) + Fe2 + (core)-- Cu(I) + Fe3 + (core)

[3]

The reaction of mammalian Fe2 +-fertin with the oxidized
form of AvFlp and the two ferredoxins studied in the previous section was examined, but no EPR or optical spectroscopic evidence was found to indicate that anycorereaction
is not
occurred. It appears that oxidation of the Fe2+
by
strictly reversible and that reoxidation is only effected
strong protein oxidants, such as heme proteins (Ell2 = 250
350 mV).
mV) and Cu(II) proteins (El,2 = The
anaerobic addition of
Oxidation of Fe2+ -Ferritins.
excess Fe2+ to native mammalian or bacterial Fe 3+ -ferritin,
followed by anaerobic Sephadex G-25 chromatography, conveniently produces Fe2+ -bound ferritin that is free of unbound Fe2 + ions. We studied, by optical and EPR spectroscopy, the reaction of this ferritin form with cytochrome c,
(this reaction
plastocyanin, stellacyanin, 02, and Fe(CN)3will be discussed below). In all cases, the bound Fe2+ was
oxidized as evidenced by (i) the production of reduced heme
from oxidized cytochrome c addition, (ii) the disappearance
of the Cu(II) EPR and optical spectroscopic properties of the
added copper proteins, and (iii) the absence of Fe(bpy) 3
formation upon addition of excess bipyridyl. We have been
unable to discern any differences in the reactivity patterns of
reduced or partially reduced Fe2+ -ferritin and those species
indicating that
produced by Fe2+ addition to Fe3+ ferritin,
the Fe2+ ions in these differently formed ferritins are indistinguishable by the redox agents studied.

The reaction of mammalian and bacterial apoferritin with
excess Fe2+ followed by anaerobic G-25 chromatography
results in the formation of Fe2"-bound apoferritins, free of
excess Fe2+. These ferritins undergo reaction with 02,
Fe(CN)3-, and cytochrome c to yield the corresponding
Fe3 +-ferritins with small, but apparently normal, Fe3 + cores
(Table 1). The reaction with cytochrome c is of particular
interest because (i) it demonstrates that Fe2+, apparently in
the ferritin interior, is readily oxidized to Fe3 + by a molecule
too large to enter the protein interior and (ii) it shows that the
Fe(O)OH core is formed without the participation of 02 or
other oxygen-containing oxidants. The oxo and hydroxy
groups found in the newly formed Fe(O)OH core after
cytochrome c oxidation of bound Fe2+ must have arisen from
deprotonation of solvent during the hydrolysis of Fe3 +.
Ferricyanide-Fe2+ Interaction. Prussian blue is an intensely blue, charge-transfer complex (27) formed by the
reaction of free Fe2 + with Fe(CN)3 -. Such an easily detectable reaction product provides a convenient chemical indicator to determine if free or readily detached Fe2+ ions are
present in any of the Fe2 + -ferritin preparations studied here,
prepared either by Fe3 + core reduction or by Fe2 + addition
to the ferritin cores. Fe2+, added to a final concentration of
0.01 mM, in 0.15 M NaCl at pH 6.5 rapidly reacts with
Fe(CN)3- to form Prussian blue, thereby providing an
approximate detectability level of 0.01 mM for Fe2+ under
the conditions of our experiments. In actual experiments
designed to evaluate whether free Fe2+ is present in Fe2+ferritin preparations, the addition of excess Fe(CN)3- to the
Fe2 + -ferritin solutions (under anaerobic conditions) produced no observable Prussian blue. This result was consistently found for Fe2 + -ferritin prepared either by reduction or
by Fe2 + addition to mammalian and bacterial holoferritins, as
well as for Fe2 + bound to the apoferritins. These results
indicate that no free or easily dissociable Fe2 + is present to
react with Fe(CN)3- to form Prussian blue in the ferritin
samples studied. However, upon closer examination, the
added Fe2+ was found to be Fe3+ and strongly attached to
the ferritin molecules. Thus, it appears that Fe2+ in the
presence of ferritin prefers to undergo oxidation to form the
ferritin core rather than form Prussian blue, as shown by the
reaction pathway to the left in Scheme I. Table 1 summarizes
Table 1. Iron content of mammalian ferritin
Content, mol/mol of ferritin
1
Cycle
Cycle 2
Cycle 3
Fe2+ Fe3 + Fe2+ Fe3+
Fe2+ Fe3+
Oxidant
52.5
55.3
41.5
116
64.0
185
02
35.6
39.2
42.2
85.1
41.1
133
Fe(CN)328.9
23.5
Cytc
Mammalian apoferritin was incubated first at pH 8.5 with excess
Fe2` and passed through an anaerobic Sephadex G-25 column to
remove unbound Fe2 . The bound Fe2+ content (Fe2+ per ferritin)
of the emerging protein was then determined by Fe(bpy)"+ formation
and is listed under Fe2 . The Fe2 + -containing protein was then
incubated with an excess of the indicated oxidant for 30 min and
passed through the G-25 column again to remove excess oxidant [for
02 and Fe(CN)3-], and the Fe3+ content (Fe3+ per ferritin) was
determined and is listed under Fe3 + . For cytochrome c (Cyt c, M, 12,000), separation from ferritin was achieved by anaerobic membrane-selective (nominal molecular weight cut-off = 100,000) concentration-dilution cycles. Headings indicate the number of such
successive cycles carried out for each oxidant. Note that for cycles
>1, the Fe2+ values are for binding to the nascent core, produced in
the previous cycle, and the Fe3+ values represent the actual Fe 3+
core content after the indicated cycle. The Fe3+ content after
oxidation and separation of the newly formed Fe3+ -ferritin was
sometimes larger than that expected from the Fe2+ -ferritin precursor. We attribute this increase to uptake of contaminating iron during
the oxidation and separation steps.

the results for the reaction of Fe(CN)3- and other oxidants
with Fe2+ mammalian apoferritin.

Fe3 + (core)

+-

Fe2"

+

Fe(CN)3

-+ Prussian blue

Scheme I
As with the cytochrome c reaction, Fe(CN)3- oxidizes Fe2"
under 02-free condition to form Fe(O)OH in the ferritin core
with the oxo and hydroxy groups presumably coming from

solvent deprotonation.

DISCUSSION
The in vitro deposition of iron into the ferritin core occurs by
the reaction of strong oxygen-containing oxidants (02 IO3,
etc.) with Fe2+ in the presence of either apo- or holoferritin
(7-10). One mechanistic proposal (10) for ferritin core formation suggests the actual incorporation of 02 into the oxo,
hydroxy matrix of the core by 02 diffusing into the ferritin
channels and reacting with a channel-bound pair of Fe 2+
ions. The resulting peroxo-bridged species migrates into the
interior, forming Fe3+ deposited within the core. Although
this proposal and other views (7-10) suggest direct 02 (or
other oxygen-containing oxidants) involvement at or near the
developing mineral core, the results reported here show that
the oxidant need not participate directly in core development.
For example, under anaerobic conditions, Fe(CN)3- is as
effective as 02 in causing core development (see Table 1),
even though there are no oxygen atoms present. In the case
of 02 and Fe(CN)3-, both molecules are small enough to
enter the channels and react with Fe2 + in the ferritin interior,
thereby initiating (for apo) or propagating (for holo) the
ferritin mineral core. However, with cytochrome c (Table 1)
and the Cu(II) proteins studied here, such channel entry is
precluded by the dimensions of the protein oxidants, yet it is
clear from the results presented here that indistinguishable
core development occurs within ferritin with large or small
oxidants or with oxygen-free or oxygen-containing oxidants.
Thus, we conclude that oxidant entry into the ferritin interior
is not a strict requirement for core oxidation (with subsequent
iron deposition). These results suggest that perhaps a previously unsuspected electron-transfer process is operative that
causes Fe2+ oxidation to occur by an indirect interaction (not
at the mineral surface) with external oxidants, outside of the
protein interior. After such electron transfer has occurred,
the newly formed Fe3 + hydrolyzes within the ferritin interior
to form the Fe(O)OH core with the oxygen atoms arising from
the solvent deprotonation.
Recent findings in our laboratory (19) have indicated that
a closely related series of small redox molecules all reduce
mammalian ferritin at rates more dependent on their redox
potentials than on their molecular dimensions. The results
reported here for reducing proteins that slowly (AvFdI,
CtFd) or rapidly (AvFlpH2) reduce the iron cores of mammalian and bacterial ferritin demonstrate that reductant entry
into the ferritin interior is not a necessary step in core
reduction. Thus, the conclusion reached above, that oxidant
entry into the ferritin core is not necessary for iron deposition, is reinforced by the reverse reaction of iron reduction
and mobilization also not requiring reductant entry into the
ferritin interior.
Although the nature of the electron-transfer reaction in
either the core-oxidation or core-reduction direction is unclear, we believe our results have eliminated from consideration some possible small-molecule-mediated reactions and,
consequently, indicate that a mechanism involving longrange electron transfer is a viable explanation for the observed protein-protein redox reactivity. For example, the
reported partial reduction (28, 29) of the ferritin core by

Fe 2 +, itself, could suggest that Fe 2 + bound in the protein
core or channels might serve in some manner as a mediator
(28) between external reductants and the ferritin core. Un
bound Fe 2 + is not part of this process, since the methods
used to prepare the various Fe 2 + -containing ferritins were
shown, by complete baseline separation between Fe 2 +
bound ferritin and free Fe 2 + , to produce Fe 2 + -ferritins free
of unbound Fe 2 +. The lack of production of Prussian blue
upon Fe(CN)~ - addition further substantiates the absence of
free Fe 2 + in the various Fe 2 + -ferritin preparations. Simi
larly, the possibility that the protein-bound prosthetic
groups-FMN, heme, and Cu(ll)-used in this study were
the active redox reagents, by dissociating, undergoing redox
reaction in the ferritin interior, and then reassociating with
their parent protein, s~ems very unlikely because of the
methods of preparation of these auxiliary proteins and
because such reactions are inconsistent with the known
properties of these AvFlp, heme, and Cu(ll) proteins.
In the case of bacterial ferritin, an earlier suggestion was
made (22, 30) that the heme groups that are present might
serve as the electron-transfer agent from external reductants
to the ferritin core. However, the facile reduction of heme
free, holo-AvBF reported here discredits this view and still
leaves unanswered for the bacterial ferritin the same question
that is unanswered for the mammalian ferritin: how do
electrons reach the core from large external redox reagents?
In addition to reduction mediated by channel or core bound
Fe 2 + , it is possible that long-distance electron transfer occurs
by electron tunneling through the 20- to 25-A ferritin protein
shell. This distance is large compared to that between
naturally occurring and synthetically added inorganic redox
components firmly attached to naturally occurring redox
proteins, for which facile intramolecular electron tunneling
has been reported (31 32). This electron exchange occurs
over a distance of> 15 a distance dictated by the placement
of the synthetic redox center relative to the native center,
presumably by electron tunneling through the intervening
protein matrix. For the facile redox reactions reported here
between redox proteins and ferritin, perhaps the proper
arrangement of "tunneling-specific" aromatic amino acids in
the ferritin protein shell assists and facilitates core redox
reactions over this much longer distance. Also, the stability of
the Fe 2 + core and the ease with which biomolecules transfer
electrons into and out of the ferritin core continue to make the
earlier speculation (30) that ferritin may be an electron-storage
molecule, a subject of continuing interest. Such hypotheses
are of interest but clearly require further experimentation and
careful examination of the ferritin structure.

A,

Research was supported by Contracts NOOOl4-85-K-Q505 and
NOOO14-86-K-Q102 from the Office of Naval Research and Grant
DMB-8512382 from the Biophysics Program ofthe National Science
Foundation.
1.
2.

Thiel, E. C. (1987) Annu. Rpv. Biochem. 86, 289-315.
Crichton, R. R. (1973) Struct. Bonding (Berlin) 17, 67-134.

Aisen, P. & Listowsky, I. (1980) Annu. Rev. Biochem. 49, 375
393.
4. Banyard, S. H., Stammers, D. K. & Harrison, P. M. (1978)
Nature (London) 271, 282-284.
5. Ford, B. C., Harrison, P. M., Rice, D. W., Smith, J. M. S.,
Treffry, A., White, J. L. & Yariv, J. (1984) Phi/os. Trans. R.
Soc. London Ser. B 304, 551-565.
6. Harrison, P. M., Hoy, T. G. & Hoare, R. J. (1975) in Proteins
of Iron Storage and Transport in Biochemistry and Medicine,
ed. Crichton, R. R. (Elsevier, New York), pp. 269-278.
7. Bryce, C. F. A. & Crichton, R. R. (1973) Biochem. J. 133,301
309.
8. Niederer, W. (1970) Experientia. 26, 218-220.
9. Macara, I. G., Hoy, T. G. & Harrison, P. M. (1972) Biochem.
J. 126, 151-162.
10. Crichton, R. R., Collet-Cassart, D., Ponce-Ortiz, Y., Wauters,
M., Roman, F. & Paques, E. (1977) in Proteins of Iron
Metabolism, eds. Brown, E. B., Aisen, P., Fielding, J. &
Crichton, R. R. (Grune & Straton, New York), pp. 13-22.
11. Goldner, B. G., Rinehart, A. L., Benshoff, H. M. & Harris,
D. C. (1982) Biochim. Biophys. Acta 719, 641-643.
12. Sirivech, S., Frieden, E. & Osaki, S. (1974) Biochem. J. 143,
311-315.
13. Jones, T., Spencer, R. & Walsh, C. (1978) J. Am. Chem. Soc.
17,4011-4018.
14. U1vik, R. J., Romslo, I., Roland, F. & Crichton, R. R. (1981)
Biochim. Biophys. Acta 677, 50-56.
15. Stuhrmann, H. B., Hass, J., Ibel, K., Koch, M. H. J. &
Crichton, T. T. (1976) J. Mol. Bioi. 100, 399-413.
16. Stuhrmann, H. B., Hass, J., Ibel, K., Koch, M. H. J. &
Crichton, R. R. (1975) in Proteins of Iron Storage and Trans
port in Biochemistry, ed. Crichton, R. R. (Elsevier, New
York), pp. 261-266.
17. May, M. E. & Fish, W. W. (1977) in Proteins of Iron Metab
olism, eds. Brown, E. B., Aisen, P., Fielding, J. & Crichton,
R. R. (Grune & Straton, New York), pp. 31-38.
18. Fish, W. W. (1976) J. Theor. Bioi. 60, 385-392.
19. Jacobs, D., Watt, G. D. & Frankel, R. B. (1988) Biochemistry,
in press.
20. Treffry, A. & Harrison, P. M. (1978) Biochem. J. 171,313-317.
21. Watt, G. D., Frankel, R. B. & Papaefthymiou, G. C. (1985)
Proc. Natl. Acad. Sci. USA 82, 3640-3643.
22. Watt, G. D., Frankel, R. B., Papaefthymiou, G. C., Sparta
lian, K. & Stiefel, E. I. (1'86) Biochemistry 25, 4330-4336.
23. Bulen, W. A., LeComte, J. R. & Lough, S. (1973) Biochem.
Biophys. Res. Commun. 54, 1274-1281.
24. Lough, S. M., Jacobs, D. B., Parker, S. F., McDonald, J. M.
& Watt, G. D. (1988) Inorg. Chim. Acta 151, 227-232.
25. Burgess, B. K., Jacobs, D. B. & Stiefel, E. I. (1980) Biochim.
Biophys. Acta 614, 196-209.
26. Davis, R. C., Knotts, R. R., Seeley, G. R. & Shaw, E. R.
(1985) Biochem. Biophys. Res. Commun. 126,610-615.
27. Robin, M. B. (1962) Inorg. Chem. 1, 337-342.
28. Frankel, R. B., Papaefthymiou, G. C. & Watt, G. D. (1987)
Hyperfine Interact. 33, 233-240.
29. Frankel, R. B., Papaefthymiou, G. C. & Watt, G. D. (1987) in
Mossbauer Spectroscopy Applied to Inorganic Chemistry, ed.
Long, G. J. (Plenum, New York), Vol. 2, pp. 273-287.
30. Stiefel, E. I. & Watt, G. D. (1979) Nature (London) 279, 81-83.
31. Bechtold, R., Kuehn, C., Lepre, C. & Isied, S. S. (1986)
Nature (London) 322, 286-288.
32. Mayo, S. L., Ellis, W. R., Crutchley, R. J. & Gray, H. B.
(1986) Science 233, 948-952.
3.

